
AD-A279 003

MINIMIZATION OF THERMAL STRESSES IN

FILAMENT WOUND FLEXTENSIONAL SHELLS

Naval Research Laboratory - USRD
Orlando, Florida 32806-6936
Contract No. N62190-88-M-1731

SE.l. duPont deNemours
Advanced Composites Div. EC
Pencader Plant M ,
Newark, DE 19714-6100 L
Project No. 05C-1 32 B
December 14, 1988

two ~k E. D kers -Mfg. En r

Rdbert L. D ton - Bus.Mgr.

WIN. AdQnsoh -Lead Engr.

1381



REPORT DOCUMENTATION PAGE Form Approved

Public .reorting burden for ths collection of ,nformaton i, e-t1mated to average I our Der esoowre 'ncl•,ing the time for r0v-ew- g intiu Bcn o sarcnmq e0,st- g data sources

qai|enq and maintanining the clat neeed.d and CoImpleting and te-e-•gn the Coio•fon O r mattCetiOn Send C (O.mments reie nqg this brdedn esti mate O any Otra per aspen of thi,
cOllcItion of nformatiOf n. includ InJg sugesltons for reducing this burden to •a•i.,nqton mesaQawartlen Service%. D.erelcoate for Information QOpeation% and Ilovin. t1211 Jeffers•n
Oavie• mhwav. Suite 1204. Arhlngton. VA 22202-4302. and to the Office of Manaqgement and Budget. P4renovrf Reduction Project (07040 185). Washington. OC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

I 1 8 _ _ _ __
4. TITLE AND SUBTITLE S. FUNDING NUMBERS

Minimization of Thermal Stresses in Filament Wound C:N62190-88-M-1731
Flextensional Shells PR:05C-132

6. AUTHOR(S)

Mark E. Deckers, Robert L. Dainton, and
W.R. Adkinson

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING ORGANIZATION

E.I. duPont deNemours REPORT NUMBER

Advanced Composites Div. ODR-480
Pencader Plant
Newark, DE 19714-6100

9. SPONSORING IMONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING J MONITORING
AGENCY REPORT NUMBER

Naval Research Laboratory

Underwater Sound Reference Detachment
P.O. Box 568337
Orlando, FL 32856-8337

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION I AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for publice release;
distribution unlimited

13. ABSTRACT (Maximum 200 words)

Thermally induced stresses, resulting from curing, in a composite part can result
in transverse tensile cracks or premature failure under loading. The magnitude of
the predicted thermal stresses arising from cool down can be quite large with
respect to the transverse strength properties. To minimize these stresses in large
thick filament wound fiberglass/epoxy composite parts a curing conditions should be
at a slow heat-up and a maximum temperature of 275'F.

14. SUBJECT TERMS 1S. NUMBER OF PAGES

Thermal stresses, composite materials, curing, cracking 5
(fracturing), tensile stress, transverse strength, i6. PRICE CODE

filament wound construction
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

O0 REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Staroard Form 298 (Rev 2 a9,

nn., 'bmn by AN%- l l



GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important
that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the "orm follow. It is important to stay within the lines to meet
optical scanning requirements.

Block 1. Agency Use Only (Leave blank . Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any

Block 2. Report Date. Full publication date availability to the public. Enter additional
including day, month, and year, if available (e.g. 1 limitations or special markings in all capitals (e.g.
Jan 88). Must cite at least the year. NOFORN, REL, ITAR).

Block 3. Type of Report and Dates Covered. DOD See DoDD 5230.24, Distribution
State whether report is interim, final, etc. if Statements on Technical
applicable, enter inclusive report dates (e.g. 10 Documents. *
Jun 87 - 30 Jun 88). DOE See authorities.

Block 4. Title and Subtitle. A title is taken from NASA - See Handbook NHB 2200.2.
the part of the report that provides the most NTIS - Leave blank.
meaningful and complete information. When a
report is prepared in more than one volume, Block 12b. Distribution Code.
repeat the primary title, add volume number, and
include subtitle for the specific volume. On
classified documents enter the title classification DOD Leave blank.

in parentheses. DOE - Enter DOE distribution categories
from the Standard Distribution for

Block 5. Funding Numbers. To include contract Unclassified Scientific and Technical

and grant numbers; may include program Reports.

element number(s), project number(s), task NASA - Leave blank.

number(s), and work unit number(s). Use the NTIS - Leave blank.

following labels:

C - Contract PR - Project Block 13. Abstract. Include a brief (Maximum
G Grant TA - Task 200 words) factual summary of the most
PE - Program WU - Work Unit significant information contained in the report.

Element Accession No.

Block 6. Author(s). Name(s) of person(s) Block 14. Subiect Terms. Keywords or phrases
responsible for writing the report, performing identifying major subjects in the report.
the research, or credited with the content of the
report. If editor or compiler, this should follow
the name(s). Block 15. Number of Pages. Enter the total

number of pages.
Block 7. Performing Organization Name(s) and
Address(es). Self-explanatory. Block 16. Price Code. Enter appropriate price

Block 8. Performing Organization Report code (NTIS only).
Number. Enter the unique alphanumeric report
number(s) assigned by the organization Blocks 17.-19. Security Classifications. Self-
performing the report.

explanatory. Enter U.S. Security Classification in
Block 9. Sponsoring/Monitoring Agency Name(s) accordance with U.S. Security Regulations (i.e.,
and Address(es). Self-explanatory. UNCLASSIFIED). If form contains classified

information, stamp classification on the top and
Block 10. Sponsoring/Monitoring Agency bottom of the page.
Report Number. (If known)

Block 11. Supplementary Notes. Enter Block 20. Limitation of Abstract. This block must
information not included elsewhere such as: be completed to assign a limitation to the
Prepared in cooperation with...; Trans. of...; To be abstract. Enter either UL (unlimited) or SAR (same
published in.... When a report is revised, include as report). An entry in this block is necessary if
a statement whether the new report supersedes the abstract is to be limited. If blank, the abstract
or supplements the older report. is assumed to be unlimited

Stanflard Form 298 BacK (Rev 2-89)



ABSTRACT

Thermally induced stresses, resulting from curing, in a composite part
can result in transverse tensile cracks or premature failure under loading. The
magnitude of the predicted thermal stresses arising from cool down can be
quite large with respect to the transverse strength properties. To minimize these
stresses in large thick filament wound fiberglass/epoxy composite parts a curing
conditions should be at a slow heat-up and a maximum temperature of 2750F.

INTRODUCTION

From some initial work conducted in 1987 in filament winding of these
larger size fiberglass/epoxy elliptical shells we learned that at a cure
temperature of 2750F it was possible to achieve the originally specified material

properties 1 . Although the resin is a typical 3500F curing resin this design did
not require the high temperature properties which result from a higher curing
temperature. Data published by the manufacturer shows that considerably
lower cure temperatures than the 3500 F can provide excellent mechanical
properties provided the cure is for a long enough time. The intent always was to
minimize the thermally induced stresses in the part. But the composite shell
would either fail prematurely under hydrostatic loading or develop transverse
cracks after the cure cycle.( A number of processing parameters were studied to alleviate these
problems 2 . This paper documents what was done to reduce the thermally
induced stress, the reasons for the changes, and the recommended cure cycle
for parts of this shape and thickness.

For

1 Specified material properties for the fiberglass / epoxy shells were a

flexural strength > 130 ksi, flexural modulus of 4 - 5 Msi, specific gravity of 1.8 .
- 1.9, and short beam shear _ 8 ksi.

2 M. E. Deckers, "Improved Process For Fabrication of Composite Flextensional ,

Shells", NRL-USRD Report No. N62190-88-M-1514, Oct., 1988.
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DATA / DISCUSSION

The various cure cycles attempted over the past year are listed in
chronological order in Table 1. All cure cycles had a ramp rate of 50F/min to the
indicated cure temperature. A test showed that at this ramp rate the
temperature through the part thickness was uniform. Included in the table is the
outcome of the part along with a brief description of the tension level used
during the winding stage. The effect of tension on residual stresses was
discussed in the previously mention NRL-USRD report. Because of its
significant role it is mentioned here.

The original cure cycle, Cycle 'A', was taken from suppliers published
data for this resin. In a typical composite part the desired properties would have
been achievable. But with the larger more complex elliptical shapes,
circumferential cracks developed in the smaller radii. One design shape did not
develop visible cracks but did fail at a premature load during hydrostatic testing.
For one part cured on this cycle there was an attempt to cool the mandrel
rapidly while maintaining the part temperature around 2500F. The thought here
was to minimize the effect of the coefficient of thermal expansion mismatch
between the aluminium mandrel and the composite part during cool down.
Although the mandrel was cooled faster this part also developed cracks after
cure. (No attempt was made to determine if the cracks were there before or
after the cool down stage. The tooling and temperatures would not permit this.)

Cure Cycles 'B' and 'C' were then tried in an attempt to lower the overall
cure temperature. The time at cure was different for these two cure cycles but
both produced parts with cracks.

In composite parts the internal stresses resulting from cool down after
elevated curing temperatures can be quite high with respect to the transverse
strength properties. These stresses are a result of the fact that the coefficient of
thermal expansion of most resins is significantly greater than the radial
coefficient of thermal expansion of most fibers. Because of their greater
coefficient of thermal expansion resins tend to contract more than the fiber
around them, resulting in a compressive normal stress at the interface when the
composite is cooled. A typical epoxy resin has a coefficient of thermal
expansion of 25 x 10-6 in/in/OF while the typical glass fibers have a coefficient of
thermal expansion of 2.7 x 10-6 in/in/°F. It is this factor of 10 that produces the
stresses contributing to the cracking. This sort of problem was studied in detail
by Adams and Doner 3 . Even though the cure temperature had been lowered
this cracking had still occurred.

The next approach, Cure Cycle 'D', was to wind the part over an
extended period of time, and to cure at an even lower temperature. The thought
was that the shells could be wound with no resulting cracks if the thickness was
below some critical thickness when the part "set-up". The part was wound in
four equal segments and allowed to stage overnight at an elevated room
temperature (90 0F). By winding in segments and staging it, the inside of the
part should have begun gelation and cure faster than the outside. This should

3 D.F. Adams and D.R. Doncr, "Transvcrse Normal Loading of a UnidircclionalQ Composite", Journal of Compositc Matcrials, 1, 1967, pp. 152-164.



have lessened the transverse stresses arising from the mismatch in coefficient
( of thermal expansion. Also the lower cure temperature should have helped.

But again the same cracking problem occurred. None of the cracks occurred
near the four segment interfaces. They all occurred in the same proximity as the
previous failures. A part wound under the same cure cycle but over a two day
period rather than four produced similar results.

TABLE 1

CYCLE DESCRIPTION TENSION RESULTS

A Heat to 2750 F at a rate of 50F/min. Hold at 275°F high Premature failures. Cracks
for 8 hrs. Cool to 150°F before removing part. in the 30.4u% thks. region.

Tried cooling mandrel once.

B Heat to 225°F at a rate of 50F/min. Hold at 225°F high Similar cracking. Tried
for 8 hrs. Cool to 150°F before removing part. lower temperature for less

residual stresses.

C Heat to 2250F at a rate of 5°F/min. Hold at 225°F high Similar cracking. Tried
for 22 hrs. Cool to 150OF before removing part. longer hold to develop part

properties.

D Heat to 150°F at a rate of 50F/min. Hold at 150 0F high Similar cracking. Tried to
for 16 hrs. cure part in equal segments

at smaller thicknesses.

E Heat to 175°F at a rate of 50F/min. Hold at 1750F low None cracked. (A part wound
for 1 hr. Heat to 275°F at a rate of 5°F/min. (one high) at high tension did produce
Hold at 2751F for 16 hrs. Cool slowly to 1000F. similar cracking.)

"Tension is only described as high or low depending on the resin application method. These levels
were qualified but were never quantified.

At this point it was felt that further reduction in cure temperature would not
be beneficial. There was some concern that the resin properties were not fully
developing at these low temperatures. Crazing, tiny cracks in the gel coat, was
visible on the outside surface of some of the shells indicating this problem.
Normally a composite part can be further cured by a post cure cycle at a higher
temperature. In one attempt at this, a part with no visible transverse cracks
developed severe cracks after post cure. Because we did not have sufficient
data, or time to analyze the situation, this approach was never pursued further.

After some discussion with the resin supplier an ideal cure temperature
of 275°F was selected. The problem was how to reach this level with no
adverse effect on the part. The temperature was to be ramped to 1750F and
held for 2 hours. This was to allow some cross-linking in the resin which would
begin to develop the properties at a lower temperature. Then the part was to be
ramped to 2750F and held for 16 hours. This 16 hour hold was selected as
being very conservative. It was this cure cycle, Cycle 'E', that finally produced
consistently good parts. The cool down cycle on all these parts was



conservative as well. The parts were left in the oven for a period of about 10( hours to ensure that they cooled very slow.

At the same time, the resin application system was changed from a dip
bath to a drum impregnator. Some earlier work had shown that with the drum,
the tension in the fiber was significantly reduced. The exact tension in each
system was never measured quantitatively but the drum was relatively much
lower. This work is detailed in reference 2. As a matter of checking the effect of
tension, a part was wound with this cure cycle but at the higher tension. It
developed the same kind of transverse cracks in the same region of the shell.

All shells delivered this past year, including both designs, were
manufactured with this Cure Cycle 'E'. The ones delivered in 1987 had been
manufactured with Cure Cycle 'A'.

CONCLUSION

Resistance to microcracking was improved through increases in material
properties. One indication of the decrease in internal stresses is the measure of
apparent short beam shear strength (SBS) which is a comparative measure of
the interply strength of a composite. A plot of the SBS for each of the cure
cycles is shown in Figure 1. These values are for full thickness sample sizes.
The trend is towards better and better parts. What is interesting is the difference
between Cycle 'A' and 'E'. Both were at 2750F but cured at different rates and
hold periods. This indicates that not only may the cure temperature be critical
but also the history of the cure cycle. It must also be noted, though, that the
tension level was different. Besides, one of the parts cured on Cycle 'E' did
crack. This subject of tension was addressed in reference 2.

The average values in the SBS between Cycles 'D' and 'E' are fairly
close. Cycle '0' was done with high tension compared to 'E' which was done at
low tension. There may be some value in pursuing this segmented
winding/staging approach further.

But for future curing of filament-wound large elliptical shaped
fiberglass/epoxy shells the heat-up rate should be no more than 50F/min. There
should be a hold at 1750F for 2 hours to allow some gelation of the resin at a
lower temperature than cure temperature. Continue the ramp to 2750F and hold
for a minimum of 16 hours. Then cool the part down at a slow rate.
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For any testing or computer modeling to be done, the exact geometric
configuration of the part must be considered. What may appear to be minor
modifications to the part may have a significant impact its performance. Each of
the winding parameters are understood individually. But for a complete
understanding of the combinations of these parameters further evaluations are
needed.
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